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Innate lymphoid cells (ILCs) are innate counterparts of adaptive T lymphocytes, contributing to host defense, tissue repair, metabolic homeostasis, and inflammatory diseases. ILCs have been considered to be tissue-resident cells, but whether ILCs move between tissue sites during infection has been unclear. We show here that interleukin-25-or helminth-induced inflammatory ILC2s are circulating cells that arise from resting ILC2s residing in intestinal lamina propria. They migrate to diverse tissues based on sphingosine 1-phosphate (S1P)-mediated chemotaxis that promotes lymphatic entry, blood circulation, and accumulation in peripheral sites, including the lung, where they contribute to anti-helminth defense and tissue repair. This ILC2 expansion and migration is a behavioral parallel to the antigen-driven proliferation and migration of adaptive lymphocytes to effector sites and indicates that ILCs complement adaptive immunity by providing both local and distant tissue protection during infection.
I nnate lymphoid cells (ILCs) (1, 2) lack antigenspecific receptors but, upon suitable stimulation, produce effector cytokines that parallel those made by antigen-induced T helper subsets (3) . Various ILC progenitors have been identified in fetal liver and bone marrow (4), whereas mature ILCs are abundant in mucosal tissues and provide immune protection against pathogens early in infection (5) (6) (7) (8) . ILCs are also found in nonmucosal sites, such as secondary lymphoid tissues, and can mediate the transition from innate to adaptive immune responses (9, 10) while also playing important roles in epithelial tissue repair (11) , fat metabolism (12, 13) , and tumor immune surveillance (14) . One issue that remains incompletely explored involves the specific origin(s) of ILCs present in diverse tissue sites and whether mature ILCs move between sites when infection demands. This is of special importance in the case of ILC2s and helminthic infections, because the latter typically involve different tissues such as the intestinal tract and lungs. Here we show that inflammatory ILC2s (iILC2s) (15) induced by helminths or the cytokine interleukin-25 (IL-25) migrate between tissues in response to activating signals. We also show how this migration is mediated and demonstrate the important role of such interorgan trafficking in host defense.
To probe the origin of tissue-resident ILCs, we monitored their numbers in the lung and small intestine of mice from postnatal day 1 through adulthood. On day 1, a few hundred GATA-3 hi ILC2s and RORgt + ILC3s each were detected in the lungs ( fig. S1A ) and small intestine ( fig. S1B ). ILC2s, but not ILC3s, dramatically increased in number in the lung in the first week after birth and became the dominant ILC population, expanding further over the subsequent 3 weeks (fig. S1A ). The greatest increase in ILCs in the small intestine occurred 2 to 4 weeks after birth ( fig. S1B ), the same time period that gut microbiota diversity increases. The percentage of Ki-67 + ILCs was~80% on day 1 after birth, then decreased to a stable 5 to 10% in adults. This represents a lower proliferation rate relative to CD4 T cells, of which 20 to 30% were Ki-67 + in adults (fig. S1, C and D).
ILCs are generally considered to be tissueresident cells (16, 17) . To further study ILC localization in the steady state and during infection, parabiotic mice were used. Given the substantial effects of commensal bacteria on the host immune system, antibiotics were administered for only 2 weeks after surgery. A 50:50 exchange rate in blood leukocytes was observed 1 week after surgery ( fig. S2A) , and lung and intestinal CD4 T cells showed exchange rates of 50:50 and 30:70 to 40:60, respectively, 2 months after surgery ( fig. S2B ). In contrast, lung ILC2s and intestinal ILC3s did not appreciably exchange between the two partners even 6 to 8 months after surgery (Fig. 1, A and B) , suggesting that these ILC subsets are largely self-maintained and that progenitors in bone marrow contribute little to their numbers in the steady state. Although intestinal ILC2 exchange was barely detected at 2 months, a modest but significant increase to a~10% exchange rate was observed at 6 to 8 months after surgery (Fig. 1B) . ILC2s in mesenteric lymph nodes (MLNs) showed a 20% exchange rate, whereas ILC3s in the MLNs did not exchange (Fig. 1C) . Thus, although other ILC2 or ILC3 subsets appear to be self-maintained, intestinal ILC2s are refreshed at a low rate in the steady state.
We recently reported the existence of a lineagenegative (Lin
hi ILC2 population that is induced in the lung, liver, MLNs, and spleen after treatment with IL-25 or inoculation with infective third-stage Nippostrongylus brasiliensis larvae (L3) (15) . These iILC2s are distinct from the ILC2s that naturally reside in the lung (nILC2s) (18) . However, the source of iILC2s in various organs remained undetermined. Thus, we investigated ILC2 activation and migration in response to IL-25 treatment. Intranasal administration of IL-25 did not elicit iILC2s in the lung, whereas intraperitoneal (i.p.) injection of IL-25 induced the appearance of KLRG1 hi ST2 − iILC2s (Fig. 1D ), suggesting the absence of iILC2 precursors in the lungs. In vivo antibody labeling was performed in CD45.1 + CD45.2 + mice treated with IL-25. nILC2s were not labeled acutely by injected antibodies, indicating that they reside in parenchymal lung tissue. In contrast, like CD4 T cells, a large number of iILC2s were labeled, suggesting that they exist in the vascular space and circulate in the blood stream (Fig. 1E) .
A parabiotic mouse model was used to further address the issue of iILC2 recirculation. After IL-25 i.p. injection into the CD45.1 + mouse of a parabiotic pair, KLRG1 hi iILC2s were found in the lungs of both the CD45.1 + mouse and its CD45.2 + partner (Fig. 1F) . Notably, the majority of iILC2s in the lung and liver, 50% of iILC2s in the spleen, and 25% of iILC2s in MLNs in the CD45.2 + mouse were derived from its CD45.1 + partner ( Fig. 1F and fig. S3 , A to C), indicating that they are circulating cells. In contrast, Thy1 hi nILC2s in the lung were endogenously derived ( Fig. 1F ), suggesting that they did not circulate upon IL-25 treatment. Very few CD45.2 + iILC2s were found in the lung and liver (Fig. 1F and fig.  S3A ), possibly owing to the short half-life of exogenous IL-25 circulating via the blood to the partner mouse. Although IL-33 treatment induced lung nILC2 proliferation in both animals ( Fig.  1G) , based on increased Ki-67 expression ( fig. S1C ), nILC2 transfer between the parabiotic animals did not occur, indicating that these cells do not enter the circulation. Consistent with the IL-25 treatment data, 5 days after the inoculation of both parabiotic partners with N. brasiliensis L3, 35% of iILC2s in the lung were derived from the partner mouse, whereas the majority of nILC2s were endogenous (Fig. 1H) . Thus, IL-25-or N. brasiliensis-induced iILC2s are circulating cells, distinct from tissue-resident ILC subsets.
To identify the source of circulating iILC2s, total leukocytes were isolated from different CD45.1 + Rag1 −/− mouse tissues and then transferred into CD45.2 + Rag1 −/− mice; this was followed by IL-25 treatment. Unexpectedly, cells from small intestine lamina propria (siLP) gave rise to high numbers of rapidly proliferating iILC2s in the lungs of the recipients, whereas transferred bone marrow cells gave rise to few iILC2s, and lung cells gave rise to none ( Fig. 2A) . This suggested that the intestine contains an enriched source of "pre-iILC2s." siLP leukocytes were then divided into three groups, and similar cell transfer experiments were performed. Only KLRG1 + ILC2s from the siLP could give rise to iILC2s in the lung of recipients-neither Lin + cells nor KLRG1
− ILCs could do so (Fig. 2B )-suggesting that IL-25-induced iILC2s in peripheral sites are derived from intestinal ILC2s. In addition, we purified lung nILC2s, bone marrow (BM) ILC2 progenitors, and siLP ILC2s and transferred equal numbers of these populations to recipients; we then administered IL-25 treatment. Intestinal ILC2s were much more efficient in giving rise to iILC2s than were BM ILC2 progenitors. Most iILC2s in the recipients were Ki-67 + , indicating that they were proliferating rather than just phenotypically converted from donor cells (Fig. 2C) . Although BM ILC2 progenitors may contribute to peripheral responses in chronic conditions, they are unlikely to be the major source of iILC2s during acute helminthic infections, owing to the lack of local IL-25 producers such as the tuft cells of the gastrointestinal tract (19) (20) (21) .
Flow cytometry revealed that IL-25-induced iILC2s and siLP ILC2s possess similar surfacemarker phenotypes (Fig. 2D ). To further characterize ILC2 populations, we examined the transcriptomes of BM ILC2 progenitors, lung nILC2s, IL-33-activated lung nILC2s, intestinal ILC2s, IL-25-induced lung iILC2s, and MLN iILC2s by RNA sequencing (RNA-seq). Despite the difference in location, lung and MLN iILC2s have very similar transcriptome profiles (Fig. 2E) . Intestinal ILC2s showed the closest resemblance in gene expression pattern to iILC2s, providing additional evidence that the source of IL-25-induced iILC2s is intestinal ILC2s. Activated lung nILC2s and lung iILC2s showed highly distinct gene expression patterns, although they were in the same tissue (Fig. 2F) . iILC2s produce more IL-13, whereas nILC2s produce more IL-9. We also found that iILC2s express high levels of CCR9 and some inhibitory receptors such as KLRG1 and TIGIT. In addition, we found that iILC2s produce IL-17A, which is consistent with our previous findings (15) , whereas nILC2s express a higher level of the receptor (IL-18R1) and receptor-associated protein (IL-1RAcP) involved in responses to IL-18 and IL-1 (Fig. 2F) , cytokines that are important for the conversion of lung ILC2s into ILC1s (22) (23) (24) .
iILC2s appear in the lungs during the early stage of pulmonary N. brasiliensis larval migration and disappear after the expulsion of adult worms from the intestine (15) . In parabiotic mouse experiments, KLRG1 hi iILC2s were no longer detected in the lungs 12 days after a 3-day IL-25 treatment. However, among lung nILC2s in the untreated CD45.2 + mouse partner,~10% were CD45.1 + ( fig. S4A ). Among lung nILC2s,~16% were derived from the parabiotic donor 20 days after inoculation of N. brasiliensis into both partners ( fig. S4B) Percentages of host-derived cells were analyzed among ILC2s and ILC3s 2 to 3 weeks, 2 months, and 6 to 8 months after surgery. . (H) Two months after surgery, both mice in each parabiotic pair were inoculated with~200 infective N. brasiliensis larvae (L3). Cells in the lungs were analyzed on day 5 postinoculation. Means ± SEM from six to eight mice at each time point in (A) to (C) and from three mice in (D). ****P ≤ 0.0001; NS, not significant; unpaired two-tailed t test. Results are representative of at least two independent experiments. gut-homing receptor CCR9 (26) (fig. S4C ), suggesting that iILC2s also have the potential to return to the gut after infection. CD62L expression was detected on iILC2s in the MLNs, but not in the lung. Thus, iILC2s present in peripheral sites are a transient cell population, converting into nILC2s in tissues such as the lung and/or migrating back to the gut.
To gain mechanistic insight into the effects of IL-25 on siLP pre-iILC2s and the control of their exit into the circulation, we used confocal imaging. The coexpression of GATA-3 and KLRG1 confirmed that KLRG1 is a reliable marker for intestinal ILC2s (fig. S5 ). In the steady state, CD3 − KLRG1 + ILC2s predominantly resided in the lamina propria, and only a small fraction were Ki-67 + (Fig. 3A, left) . Thirty-six hours after IL-25 treatment, more than 50% of ILC2s were Ki-67 + . Sixty hours after IL-25 treatment, ILC2 numbers dramatically increased, and the majority were Ki-67 + (Fig. 3, A and B) . Intestinal ILC2s expressed substantial levels of cell-surface CD69, whereas levels in circulating iILC2s were lower (Fig. 3C) . CD69 has an important role in the control of T cell migration between tissues. It is highly expressed on tissue-resident memory T cells, prolonging their residency, and on activated T cells in lymph nodes during the sequestration phase shortly after the initiation of an immune response. In contrast, its expression on trafficking T cells is low (27) . Given that KLRG1 hi ILC2s were present in many peripheral sites 60 hours after IL-25 administration ( fig. S3C) , we hypothesized that activated intestinal ILC2s behave like activated T cells in lymph nodes, crossing the lymphatic endothelium, entering lymphatics, and entering the blood circulation. When Lyve-1 staining was used to delineate lymphatic vessels (28), KLRG1 + ILC2s were observed within these vessels in the villi of IL-25-treated mice but not of naïve mice (Fig. 3D) . Three-dimensional image reconstruction confirmed the localization of ILC2s within, rather than adjacent to, the lymphatic vessels (movie S1). iILC2s were also detected in peripheral blood 60 hours after IL-25 treatment (Fig. 3E) . Thus, intestinal ILC2s rapidly proliferate after IL-25 stimulation and enter lymphatic vessels and then the blood, accumulating as iILC2s in many peripheral sites.
G protein-coupled sphingosine 1-phosphate (S1P) receptors are required for T lymphocyte egress from lymphoid organs across lymphatic endothelial barriers (29, 30) . Thus, we examined the possible role of this chemotactic pathway in ILC migration. ILC2s or ILC3s in naïve mice did not express S1P receptors, but IL-25-induced iILC2s in the lung and MLNs, like CD4 T cells, expressed S1PR1 and S1PR4 (Fig. 4A) . iILC2s in MLNs also expressed S1PR5 (Fig. 4A) , which has been reported to be expressed on natural killer cells (31) . FTY720, which antagonizes the S1P-signaling pathway, did not affect IL-25-induced intestinal ILC2 proliferation (Fig. 4, B and C) but blocked iILC2 accumulation in the lung, liver, and spleen and partially blocked iILC2 accumulation in MLNs (Fig. 4D) . This is consistent with the tissue-specific differences in CD69 expression (Fig. 3C) (27, 32) . Together, these results indicate that iILC2 cells use a similar molecular mechanism to that of conventional CD4 + and CD8 + T cells, which regulates their exit from tissues into the lymph as they move to a distant site of effector activity.
IL-25R + ILC2 progenitors were recently identified in bone marrow (33) . Thus, we addressed the relationship between BM ILC2 progenitors and iILC2s. IL-25R + progenitors expressed ST2 but not KLRG1 in naïve mice (fig. S6, A and B) . IL-25 treatment not only expanded the progenitor population, but also induced ST2 − KLRG1 hi iILC2s in the bone marrow ( fig. S6B ). FTY720 did not affect the expansion of ILC2 progenitors but abolished the presence of iILC2s in bone marrow ( fig. S6, B and C) . These results indicate that intestinally derived iILC2s can infiltrate the bone marrow and highlight the distinction between iILC2 and BM ILC2 progenitors.
Last, we investigated the physiological implications of ILC2 migratory responses during antihelminth immunity. Inoculation of conventional Rag1 −/− mice with N. brasiliensis established a chronic adult worm infection in the intestine, which was cleared by the administration of IL-25 ( Fig. 4E) , suggesting that an increase in iILC2 numbers is sufficient to expel the worms even in the absence of adaptive lymphocytes. Parasitic N. brasiliensis L3 pass through the lungs early in the infection and cause inflammation and tissue damage. FTY720 treatment of Rag1 −/− mice inoculated with a dose of 500 L3 resulted in the death of 80% of the mice at early stages of infection (Fig. 4F) . This mortality was largely prevented by the transfer of iILC2s into the circulating pool before FTY720 treatment, which compensated for the drug-induced blockade of endogenous iILC2s in the lung. Larvae were observed in the lungs (arrows) on day 5, and severe epithelial destruction was noted (asterisks) on day 8 postinoculation in FTY720-treated mice not given adoptive cell therapy (Fig. 4G) . Prolonged worm residency and tissue damage could be prevented by iILC2 transfer. Furthermore, iILC2s were found to express higher levels of amphiregulin-a key contributor to epithelial tissue repair during infection-compared with nILC2s (Fig. 4H) . Thus, intestinally derived iILC2s accumulate in the lung in a S1P-dependent manner and provide crucial protection at the early stage of infection, contributing to worm clearance, tissue repair, and host survival.
Here we have characterized in detail a distinct cell population that resides in the gut but can migrate to the lung and other distal sites and make substantial contributions to host defense. Tissue-resident ILC2s undergo interorgan migration, a property essential to their protective role in infection. This study also shows that epitheliumresident ILC2s move into lymphatics in a S1P-dependent manner by the same mechanism previously described for adaptive lymphocytes Huang Means ± SEM; n = 6 to 9 and 3 for each group in (B) and (E), respectively. ***P ≤ 0.001; unpaired two-tailed t test.
egressing from secondary lymphoid tissues. We hypothesize that S1P-dependent dissemination of activated effectors from one tissue through the lymphatics and blood to a distant site of infection evolved as a mechanism within the innate lymphoid system, which was later grafted onto the emerging adaptive system, rather than being a late development of the T cell adaptive immune system. Last, the ability of FTY720 to block ILC2 dissemination suggests that the immunosuppressive effects of this drug that have been attributed solely to the blockade of adaptive T cell migration from lymph nodes and the spleen need to be reassessed. or with IL-25 plus FTY720 i.p. for 3 days, and the iILC2s in indicated tissues were analyzed by flow cytometry.
(E) Worm burden on day 14 in the small intestine of the mice infected with~300 N. brasiliensis L3. IL-25 treatment was given every other day in the third group. UD, undetected. (F) Rag1 -/-mice were inoculated with~500 N. brasiliensis L3 (Nb), and FTY720 treatment started on day 3 and continued daily until day 10, in two groups. In the transfer group,~3 × 10 6 iILC2s sorted from IL-25-treated mice were transferred intravenously into each animal on the same day as worm inoculation. Death and survival were monitored until day 13, and the difference between two groups was determined by the log-rank (Mantel-Cox) test. (G) Histology of lung sections from Rag1 −/− mice inoculated with~300 N. brasiliensis L3. Arrows, worm larvae; asterisk, tissue destruction. (H) Amphiregulin mRNA levels in nILC2s and iILC2s, which were sorted from lungs on day 5 postinoculation with N. brasiliensis. Means ± SEM; n = 3 in (A), (D), (E), and (H) and 4 to 6 in (C). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; unpaired two-tailed t test. Data in (A), (D), and (E) are representative of three experiments; data in (F) are the summary of two experiments (n = 10). Images are representative of three sections from two mice of each group in (B) and (G).
